Abstract Singlet oxygen is a highly toxic and inevitable byproduct of oxygenic photosynthesis.
Introduction
Growth of photosynthetic organisms depends on light energy, which in turn can cause oxidative damage to the cell if not managed properly (Li et al., 2009 ). Light intensity is highly dynamic in terrestrial and aquatic environments, and the cell must constantly control the dissipation of light energy to avoid photo-oxidative stress while maximizing productivity. In addition to being the site of photosynthesis, the chloroplast houses many essential biochemical reactions such as fatty acid and amino acid biosynthesis, but most of its proteins are encoded in the nucleus and must be imported after translation. Therefore the nucleus must monitor the status of the chloroplast and coordinate gene expression and synthesis of proteins to maintain healthy chloroplast functions.
It is known that signals originating from a stressed or dysfunctional chloroplast modulate nuclear gene expression, a process that is called retrograde signaling (Nott et al., 2006; Chi et al., 2013) . In Arabidopsis thaliana the gun mutants have helped to define the field of chloroplast retrograde signaling, leading to the identification of GUN1, a pentatricopeptide repeat protein that is a regulator of this process (Koussevitzky et al., 2007) , and pointing to the involvement of the tetrapyrrole biosynthetic pathway (Vinti et al., 2000; Mochizuki et al., 2001; Larkin et al., 2003; Strand et al., 2003; Woodson and Chory, 2008) . A role for heme in retrograde signaling has been shown in Chlamydomonas 1 O 2 ) is a highly toxic form of ROS that can be formed in all aerobic organisms through photosensitization reactions in which excitation energy is transferred from a pigment molecule to O 2 . For example, porphyria in humans is caused by defects in tetrapyrrole metabolism that can lead to accumulation of photosensitizing intermediates, which generate 1 O 2 in the light (Straka et al., 1990) . In oxygenic photosynthetic organisms, 1 O 2 is mainly generated at the reaction center of photosystem II, when triplet excited chlorophyll transfers energy to O 2 (Krieger-Liszkay, 2005) .
1
O 2 is the predominant cause of lipid oxidation during photo-oxidative stress (Triantaphylidès et al., 2008) and is associated with damage to the reaction center (Trebst et al., 2002) . Because of the abundance and proximity of the two elements of 1 O 2 generation, the photosensitizer chlorophyll and O 2 , it was hypothesized that oxygenic photosynthetic organisms must have evolved robust means to cope with this ROS (Knox and Dodge, 1985) . In Arabidopsis, the EX1 and EX2 proteins in the chloroplast are required for the execution of a 1 O 2 -dependent response: growth eLife digest Plants, algae and some bacteria use photosynthesis to extract energy from sunlight and to convert carbon dioxide into the sugars needed for growth. One by-product of photosynthesis is a highly toxic molecule called singlet oxygen. Typically, organisms deal with stressful events such as the presence of toxic molecules by producing new proteins. However, protein production is generally initiated in the nucleus of the cell, and photosynthesis is carried out in structures called chloroplasts. Cells must therefore be able to alert the nucleus to the presence of toxic levels of singlet oxygen in the chloroplasts.
Like some plants that can withstand a gradual decrease in temperature, but not a sudden cold snap, the alga Chlamydomonas reinhardtii is capable of resisting high doses of singlet oxygen if it has previously been exposed to low doses of the molecule. Wakao et al. exploited this ability to hunt for algae that are unable to acclimate to singlet oxygen, and found that these cells are unable to produce a protein called SAK1. Wakao et al. reveal that many factors involved in the algae's cellular response to singlet oxygen depend on the presence of SAK1. In addition, the response of the algae cells to singlet oxygen differs to the one seen in the model plant Arabidopsis thaliana, suggesting that the two organisms have found different ways to deal with the same problem.
The location of a protein in a cell can give clues to its function. SAK1 is present in the fluid surrounding cellular compartments-the cytosol-which is consistent with it acting as a signaling molecule between the chloroplast and the nucleus. Wakao et al. present further evidence for this hypothesis by demonstrating that the number of phosphate groups attached on SAK1 changes when exposed to singlet oxygen-a feature often seen in signaling proteins. In addition, part of SAK1 resembles proteins that can bind to DNA, which indicates that SAK1 may be directly involved in initiating protein production.
The discovery of SAK1 represents a starting point for understanding how the site of photosynthesis, the chloroplast, communicates with the nucleus. It also has implications for developing plants and algae that have a higher tolerance to environmental stress conditions for agriculture and biofuel production.
arrest in plants and programmed cell death in seedlings, that is distinct from cell damage (op den Camp et al., 2003; Wagner et al., 2004; Lee et al., 2007) . Different players in 1 O 2 signaling have emerged recently, such as β-cyclocitral, an oxidation product of β-carotene in Arabidopsis (Ramel et al., 2012) , a bZIP transcription factor (SOR1) responding to reactive electrophiles generated by 1 O 2 (Fischer et al., 2012) , and a cytosolic zinc finger protein conserved in Arabidopsis and Chlamydomonas, MBS (Shao et al., 2013) . In the anoxygenic photosynthetic bacterium Rhodobacter sphaeroides, a σ E factor is responsible for the elicitation of the gene expression response to 1 O 2 (Anthony et al., 2005 (Ledford et al., 2007) . We hypothesized that acclimation mutants should include regulatory mutants that are defective in sensing and responding to 1 O 2 . Here we describe the isolation of such a mutant and identification of a cytosolic phosphoprotein SAK1 that is critical for the acclimation and transcriptome response to 1 O 2 .
Results

Isolation of a singlet oxygen-sensitive mutant that is defective in acclimation
Chlamydomonas acclimates to singlet oxygen ( 1 O 2 ) generated by the exogenous photosensitizing dye rose bengal (RB) in the light (Ledford et al., 2007) . As shown in Figure 1A , wild-type (WT) cells that were pretreated with RB in the light were able to survive a challenge treatment with much higher concentrations of RB, unlike cells pretreated with RB in the dark. By screening an insertional mutant population (Dent et al., 2005) for strains that were sensitive to 1 O 2 , we isolated a mutant called singlet oxygen acclimation knocked-out1 (sak1) that is defective in acclimation to 1 O 2 ( Figure 1A) . We have previously shown that Chlamydomonas WT cells can also acclimate to RB following pretreatment with high light (Ledford et al., 2007) , indicating that high light and RB induce overlapping responses to 1 O 2 . When subjected to the same conditions (high light pretreatment followed by challenge with RB), sak1 demonstrated less robust cross-acclimation ( Figure 1B) . We also tested conversely whether pretreatment with RB can acclimate the cells to growth in high light or in the presence of norflurazon. No increase in resistance to high light or norflurazon was induced by pretreatment with RB in either WT or sak1 (Figure 1-figure supplement 1) . The viability phenotypes after RB treatment shown in Figure 1A were paralleled by changes in F v /F m values, a chlorophyll fluorescence parameter representing photosystem II efficiency ( Figure 1C ). In both WT and sak1, pretreatment did not cause an inhibition of photosystem II, as demonstrated by unchanged F v /F m values after 30 min. However, pretreatment increased resistance of photosystem II to the RB challenge only in WT and not in sak1 cells ( Figure 1C ). The pretreatment protected the cells only transiently, as by 90 min of challenge treatment both genotypes appeared to have experienced similar inhibition of photosystem II ( Figure 1C) , consistent with the hypothesis that sak1 is disrupted in early sensing and/or initiation of 1 O 2 response rather than its direct detoxification.
In contrast to its RB sensitivity, sak1 exhibited wild-type resistance to high light, various photosynthetic inhibitors and generators of other ROS, suggesting its defect is specific to 1 O 2 ( Figure 1D ). When tested for the gene expression response of the known 1 O 2 -specific gene GPX5 (Leisinger et al., 2001 ) during acclimation, WT cells showed a 20-to 30-fold induction, whereas a known H 2 O 2 -responsive ascorbate peroxidase gene (APX1) in Chlamydomonas (Urzica et al., 2012 ) and a catalase gene (CAT1), known to be H 2 O 2 responsive in Arabidopsis (Davletova et al., 2005; Vanderauwera et al., 2005) , were unchanged. The mutant sak1 showed attenuated GPX5 induction, as expected for a mutant defective in the 1 O 2 response ( Figure 1E ).
The global gene expression response to 1 O 2 in Chlamydomonas is distinct from that in Arabidopsis
To obtain insight into the cellular processes and the genes involved in 1 O 2 acclimation, we used RNAseq to define the transcriptome of WT cells during acclimation. The sequences were mapped to the Chlamydomonas reinhardtii genome version 4 (v4), and 16476 transcripts corresponding to gene models were detected (Wakao et al., 2014) . We validated the data by quantitative reverse transcriptase PCR (qRT-PCR) for some of the differentially expressed genes during acclimation (Figure 2 ).
Basal expression of some of the genes was elevated in sak1 compared to WT (Cre16.g683400 and GST1, Figure 2) . Comparisons of the fold change (FC) values obtained by RNA-seq and qRT-PCR for the genes tested in Figure 2 are shown in Figure 2 . The FC values are comparable between the two methods, although genes with FC greater than 20 (detected by RNA-seq) showed FC values (estimated by qRT-PCR) that were two to three times higher (Cre06.g281250. t1.1, Cre13.g566850.t1.1, Cre06.g263550.t1.1, Cre14.g623650.t1.2). Some of the genes were also induced by a transition from low light to high light, although not as strongly ( (Urzica et al., 2012) ( Table 2 ). Two of the seven genes, VTC2 (3.4-fold) and DHAR1 (twofold) were induced during 1 O 2 acclimation, whereas the other five genes were not differentially expressed (induced more than twofold) in our data. For these two genes, their magnitude of induction by 1 O 2 was smaller than that of H 2 O 2 -treated cells (both genes were ∼ninefold induced by 1 mM H 2 O 2 treatment for 60 min) (Urzica et al., 2012) . These differences suggest that our treatment with 1 O 2 did not lead to a large-scale induction of H 2 O 2 -responsive genes, and it is likely that the two abovementioned genes involved in ascorbate metabolism respond to both H 2 O 2 and 1 O 2 . During acclimation of WT to 1 O 2 , 515 genes were up-regulated at least twofold with a false discovery rate (FDR) smaller than 1% (Supplementary file 1, C1), and 33% of these could be categorized into functional classes based on MapMan (Thimm et al., 2004) using the Algal Functional Annotation Tool (Lopez et al., 2011) (Figure 3A,B) . The enriched classes are marked with asterisks, and the genes within those classes are listed in Table 3 . Genes involved in sterol/squalene/brassinosteroid metabolism (in the hormone and lipid metabolism functional classes) were notably enriched (Table 3) . A sterol methyltransferase was also detected to display differential expression in our previous microarray analysis (Ledford et al., 2007) . Brassinosteroids are not known to exist in Chlamydomonas, and in plants increasing evidence indicates sterols have a signaling role independent of brassinosteroids (Lindsey et al., 2003; Boutté and Grebe, 2009) . Two cyclopropane fatty acid synthases (CFAs) were among the up-regulated lipid metabolism (Table 3) . Another function that was notable among up-regulated genes, although they were not grouped to a common functional class by MapMan, were two genes coding for SOUL heme-binding domain proteins that were SAK1-dependent (SOUL2 and Cre06.g299700.t1.1, formerly annotated as SOUL1) (Figure 2) . Genes annotated as involved in transport comprised one of the most enriched classes ( Figure 3B ). These included a number of multidrug-resistant (MDR) and pleiotropic drug-resistant (PDR) type transporters as well as other various transporters for ions, peptides, and lipids ( O 2 -induced genes and ABC transporters identified from our RNA-seq remained unchanged by RB in the dark in both WT and sak1 (Table 4) . This result indicates that the up-regulation of these genes when RB was added in the light was a response to 1 O 2 rather than to RB itself. Up-regulation of stress genes included those coding for chaperones and some receptor-like proteins ( Figure 3B ; Table 3 ), suggesting that the cells do mount a stress response during acclimation though not visible by gross growth phenotype ( Figure 1A ) or decrease in F v /F m ( Figure 1C) . A smaller number of 219 genes was down-regulated during acclimation in WT (Supplementary file 1, C1), only 21% of which had functional annotation. The most enriched classes of down-regulated genes were nucleotide metabolism and transport, the latter including a distinct type of transporter for small metabolites and ions, different from those found among up-regulated genes that included many MDR-and PDR-type transporters ( Figure 3B ; Table 3 ).
Although only 33% of the up-regulated genes have a functional annotation ( Figure 3B ), it is interesting that the 1 O 2 response in Chlamydomonas involves genes and biological processes that appear to be distinct from those that respond specifically to 1 O 2 in Arabidopsis (op den Camp et al., 2003) . A total of 70 1 O 2 -response genes have been defined using a microarray with the flu mutant in Arabidopsis (op den Camp et al., 2003) . These genes include the following classes (number of genes): metabolism (11), transcription (5), protein fate (4), transport (2), cellular communication/signal transduction (17), cell rescue/defense in virulence (4), subcellular localization (2), binding function or cofactor requirement (1), transport facilitation (5) and others (19) . From this list of 70 genes we found four similarly annotated genes within our 515 genes induced by 1 O 2 in Chlamydomonas: a Myb transcription factor, a mitochondrial carrier protein, an amino acid permease, and an ATPase/ aminophospholipid translocase. None of these genes in Chlamydomonas was the closest ortholog of the corresponding Arabidopsis gene. Conversely, genes similar to those strongly up-regulated in a SAK1-dependent manner such as CFAs, SOUL proteins, GPX, and sterol biosynthetic enzymes were not found among the Arabidopsis In the sak1 mutant, 1020 genes were up-regulated, whereas 434 genes were down-regulated during acclimation (Supplementary file 1, C2) . 350 of the 515 genes up-regulated in WT overlapped with the set of up-regulated genes in the mutant ( Figure 3A) . Comparing the fold changes of genes in WT and values were measured after each time point indicated. Pretreatment (PreT) with 0.5 μM RB was applied for 30 min with (+PreT) or without (−PreT) light. After the pretreatment, RB was added to both dark and light samples to a final concentration of 3.75 μM RB (challenge), and F v /F m was measured for 90 min at 30 min intervals (total 120 min). First arrow: addition of pretreatment; second arrow: addition of challenge. (D) sak1 has wild-type sensitivity to other photo-oxidative stresses. Serial dilutions of WT and sak1 were spotted onto minimal (HS) plates at the indicated light intensity or on TAP plates containing the indicated inhibitor. DCMU, sak1 during acclimation, we defined 104 genes as SAK1-dependent genes that displayed moderate to strong attenuation in their response (fold change ratio <0.5) ( Table 5) . Some of the genes that belong to enriched biological classes found among WT up-regulated genes are indicated in Table 3 . Interestingly, the most strongly induced genes in WT were found among this group; 37 out of 104 Research article SAK1-dependent genes were among the top 10% most strongly induced genes ( Table 5) . 33 out of these 37 most strongly induced SAK1-dependent genes displayed strong disruption in their up-regulation; reduced to 0.01-0.25 of magnitude of fold change in sak1 as compared to WT (Table 5) . These results indicate SAK1 is required for the induction of the most strongly induced genes during acclimation reflecting its critical role in regulating the cellular acclimation response to 1 O 2 . Classes of up-regulated genes in sak1 were distinct from those of WT and included secondary metabolism of isoprenoids ( Figure 3C ; Table 6 ), precursors to photoprotective pigments such as carotenoids and tocopherols (Li et al., 2009) . Phenylpropanoids, a group of metabolites associated with defense against stresses such as ultraviolet light and herbivores (Maeda and Dudareva, 2012) , also represented a larger part of the response in sak1 as compared to WT ( Figure 3C ). Another mutant-specific class of genes was cell vesicular transport, suggesting alteration in cell organization in response to the loss of SAK1 ( Figure 3C ; Table 6 ). There were 434 genes that were down-regulated by 1 O 2 in the sak1 mutant (Supplementary file 1, C2) , none of which overlapped with the set of down-regulated genes in WT, in contrast to the overlap of up-regulated genes in the two genotypes ( Figure 3A) . Enriched classes of genes included those involved in DNA, nucleotide metabolism, hormone metabolism (not of brassinosteroid) and tetrapyrrole metabolism ( Figure 3C , Table 6 ).
To better understand the physiology of sak1, including the primary and secondary effects of lacking SAK1, we also focused on changes in transcript levels at the basal level, that is, without 1 O 2 treatment. At basal level 699 genes were induced, and 737 genes were repressed in the mutant compared to WT (Supplementary file 1, C3) , displaying the genome-wide response to the loss of SAK1 function despite the mutant's wild-type appearance under normal lab growth conditions ( Figure 1D ). The enriched classes of genes that are differentially expressed are shown in Figure 3D . Genes induced in the mutant at basal level were enriched for those annotated to be involved in nucleotide metabolism, DNA, and RNA ( Figure 3D ; Table 7 ). Interestingly genes involved in tetrapyrrole and photosynthesis were enriched both in elevated and repressed genes at the basal level in sak1. There was no overall trend of these two pathways being up-or down-regulated, since these genes were at different steps of the pathway or encoded a select isoform of an enzyme or a subunit of a complex ( Figure 3D ; Table 7 ). (Peers et al., 2009 We observed that some of the genes more strongly dependent on SAK1 had repressed transcript levels (e.g., CFA1 and SOUL2), indicating that SAK1 is required for their basal expression, while others had elevated basal levels (GPX5), suggesting that expression of these genes is controlled also by other pathways. As is discussed in the following section, SAK1 expression monitored by qRT-PCR followed the latter trend as the 5′UTR of the gene was elevated in the mutant ( Figure 4E) , which may be a result of response to other factors such as a possible oxidization product of 1 O 2 . The SAK1-dependent genes induced by 1 O 2 and repressed at basal level in the mutant (i.e., those that require SAK1 for basal expression) are indicated in Table 5 .
The sak1 mutant identifies a single nuclear gene that is itself induced during acclimation to
The sak1 mutant was generated by insertional mutagenesis using a plasmid that confers resistance to zeocin (Dent et al., 2005) . Progeny obtained from a backcross of sak1 with WT showed that the mutation causing the RB sensitivity phenotype was linked to zeocin resistance ( Figure 4A ). The site of insertion was identified by thermal asymmetric interlaced (TAIL)-PCR (Liu et al., 1995) as the second exon of the annotated gene Cre17.g741300 on chromosome 17 ( Figure 4B ). To test whether this gene is responsible for the mutant phenotype, a genomic fragment containing the gene with an additional ∼500 bp region upstream of the predicted transcription start site was cloned and introduced into the mutant by co-transformation. Among the approximately 300 transformants screened, two clones appeared to have recovered the RB acclimation phenotype ( Figure 4C ). Furthermore, induction of genes we found attenuated in sak1 (Figure 2 ) was restored in these transformants ( Figure 4D ), confirming that Cre17.g741300 is the SAK1 gene required for acclimation and the gene expression response to 1 O 2 . In WT, the SAK1 gene itself was induced by 6-to 10-fold during acclimation when probed for the 5′-and 3′-UTR of the transcript by qRT-PCR ( Figure 4E ). The mutant displayed elevated basal level and induction of the 5′-UTR during acclimation, whereas the 3′-UTR of the transcript was undetectable, indicating that the full-length transcript was absent in sak1 ( Figure 4E ). An antibody raised against an epitope of the SAK1 protein detected a single band in basal conditions, whereas the SAK1 protein appeared as multiple bands with higher molecular weight in acclimated WT cells, all of which were absent in the mutant ( Figure 4F ). SAK1 transcript was induced (Lopez et al., 2011) . †Corresponding gene model was not found in v5. ‡No functional annotations found on v5 but defined by MapMan on Algal Functional Annotation Tool (Lopez et al., 2011 Figure 5 -figure supplement 1. Among the 37 members of the chlorophyte SAK1 domain family, 13 have possible bZIP transcription factor domains (six were significant Pfam hits and seven were below the threshold for significance but recognizable by Pfam) ( Figure 5 ). One protein contained a mitochondrial (transcription) termination factor (mTERF) domain ( Figure 5 ), defined by its three leucine zipper domains required for DNA binding (Fernandez-Silva et al., 1997) . Proteins with more distantly related SAK1 domains were found by PSI-BLAST in plants, many of which were hypothetical or unknown proteins but also included bZIP transcription factors.
Amino acid positions 900 to 1089 of SAK1, corresponding to the region aligned with other proteins in Figure 5 -figure supplement 1, were searched for secondary structure using PHYRE, and this region was predicted to consist of mostly alpha helices with some disordered intervals. The top hit was a cobalt/nickel-binding resistance protein cnrr, and 44% of the residues were modeled with 73.6% confidence ( Figure 5-figure supplement 2 To obtain insight into the function of SAK1, we isolated subcellular fractions enriched for chloroplast, ER, cytosol, and mitochondria from WT cells. The Chlamydomonas cell contains a single large chloroplast that is physically connected to other organelles such as the ER, making it particularly challenging to fractionate. The patterns of markers specific for chloroplast, ER, cytosol, and mitochondria showed that each target fraction was enriched as expected, although with some cross contamination ( Figure 6A,B) . The distribution of SAK1 in these fractions resembled most closely that of the cytosolic marker NAB1 (Mussgnug et al., 2005) , although the SAK1 signal was not as enriched as NAB1 in the cytosolic fraction, possibly due to partial degradation of SAK1 during the fractionation. The localization was the same in cells with and without RB treatment ( Figure 6A ). Because SAK1 was required for the induction of many genes during acclimation to 1 O 2 and the list of proteins with similarity to SAK1 included those predicted to be bZIP transcription factors, we tested whether SAK1 protein was dually targeted to the nucleus and cytosol, which would account for the lack of enrichment of SAK1 in the cytosolic fraction ( Figure 6A ). As shown in Figure 6C although a faint SAK1 signal was detected in nuclear fraction, there was no enrichment as seen for the nuclear marker histone H3 (H3). The distribution of the cytosolic marker NAB1 indicated the contamination of the nuclear fraction by cytosolic proteins ( Figure 6C ). Therefore we conclude that the low signal of SAK1 in the nuclear fraction is likely to be due to cytosolic contamination. Attempts to detect the protein by immunofluorescence using anti-SAK1 antibodies as well as anti-FLAG and anti-HA antibodies against tagged proteins in transgenic lines were unsuccessful due to a very low signal-to-noise ratio even in bleached cells. By SDS-PAGE and immunoblot analysis, SAK1 appeared in multiple forms with higher molecular weight during acclimation compared to that observed in control cells ( Figures 4F and 6A,C) . When the extracted protein samples were treated with phosphatase, the diffuse pattern of multiple forms collapsed into a single band detected by immunoblot analysis that had an even higher mobility that that of untreated cells ( Figure 6D ). This result indicates that SAK1 is a phosphorylated protein during basal conditions, and it is further phosphorylated upon exposure of cells to (Baruah et al., 2009a; Brzezowski et al., 2012; Fischer et al., 2012; Shao et al., 2013) . In contrast, our screen exploited a physiological response to sublethal levels of 1 O 2 , which induces the wild type to survive a subsequent, otherwise lethal treatment with the 1 O 2 generator RB (Ledford et al., 2007) . The sak1 mutant completely lacks this ability to acclimate to 1 O 2 ( Figure 1A ). An analogous phenotype is exhibited by the yap1Δ mutant of Saccharomyces cerevisiae, which is unable to acclimate to hydrogen peroxide stress (Stephen et al., 1995) .
In contrast to the complete loss of acclimation to RB, sak1 acclimates (but less effectively than WT) when pretreated with high light and challenged with RB ( Figure 1B) . This result suggests that the high light pretreatment induces a broader response than that elicited by RB and that sak1 is still able to respond to other signals besides 1 O 2 (e.g., plastoquinone redox state, H 2 O 2 , and/or superoxide) that are involved in the response to high light. When tested on TAP agar plates for photoheterotrophic growth in the presence of various photosynthetic inhibitors, the sak1 mutant displayed sensitivity to RB but not to other inhibitors ( Figure 1D ). In particular, sak1 is not more sensitive than WT to high light or norflurazon (an inhibitor of the biosynthesis of carotenoids, which function as quenchers of 1 O 2 ). We speculate that the lack of 1 O 2 -sensitive phenotype in these plate experiments is attributable to the time-scale of the treatments involved.
1 O 2 generated by RB or during a transfer to higher light intensity is transient, whereas NF requires longer time to exert its effect because it needs to enter the cell, inhibit biosynthesis, and deplete cells of existing carotenoids. During this time, the cell is likely able to acclimate by detoxifying and reducing the generation of 1 O 2 by various means such as changing the composition of the photosynthetic apparatus. We have previously shown that acclimation to 1 O 2 is transient and is dissipated by 24 hr post-treatment (Ledford et al., 2007) . Consistent with this, pretreatment with RB does not acclimate the cells to stresses such as growth in high light or norflurazon that require a period of days to assess an effect on viability (Figure 1-figure supplement 1) . We have also observed that under our experimental conditions, the induction of target gene expression upon exposure to 1 O 2 lasts up to 90 min and then declines. We conclude that SAK1 functions mainly during transient perturbations that generate 1 O 2 . However, during steady-state growth under high light or norflurazon, the cell is able to cope by other means that do not involve SAK1. 
in Chlamydomonas
A physiological acclimation response that results in such an evident growth phenotype ( Figure 1A) likely involves large-scale changes in gene expression, and transcriptome analysis of wild-type cells showed that hundreds of nuclear genes are up-or down-regulated during acclimation to 1 O 2 (Figure 3A,B; Supplementary file 1, C1) . The sak1 mutant is specifically impaired in regulation of a notable subset of these genes, that is, those that are most strongly induced in the wild type ( Table 5) , suggesting that these genes play a key role in the acclimation response to 1 O 2 . In particular, many genes involved in sterol and lipid metabolism were induced by 1 O 2 in Chlamydomonas ( Figure 3B ; Table 3 ). For example, two genes encoding putative cyclopropane fatty acid synthase (CFA1 and CFA2) exhibited SAK1-dependent induction (Figure 2) . Cyclopropane fatty acids have been found in large amounts in the seeds of Sterculia foetida (Bao et al., 2002) , although its biological function is unknown. In bacteria, it has been implicated in oxidative stress responses (Guerzoni et al., 2001; Kim et al., 2005) and particularly in the anoxygenic photosynthetic bacterium Rhodobacter sphaeroides, CFA gene expression is induced during 1 O 2 stress by a σ E factor (Ziegelhoffer and Donohue, 2009) . Interestingly CFA mutants of R. sphaeroides are compromised in the induction of genes in response to 1 O 2 , suggesting a regulatory role of the gene, protein, or the product of its enzymatic function (cyclopropane fatty acids, Bao et al., 2002) in gene expression rather than solely a biochemical stress response (Nam et al., 2013) .
Another intriguing class of up-regulated genes enriched during 1 O 2 acclimation in WT and not in sak1 was a group of genes encoding transporters, especially ABC transporters related to the MDR and PDR types. This was not surprising considering that 1 O 2 exists in aquatic and terrestrial environments, where it is generated by photosensitizing humic substances (Frimmel et al., 1987; Steinberg et al., 2008) , which are known to affect microbial populations including phytoplankton (Glaeser et al., 2010 (Glaeser et al., , 2014 . Assuming that some of these transporters function to export photosensitizing molecules from the cell, our results suggest that removal of photosensitizers is an integral part of the 1 O 2 response in Chlamydomonas, rather than simply a response to the presence of a xenobiotic compound such as RB (Table 4) . It is likely that Chlamydomonas, a soil-dwelling microalga, needs to respond to 1 O 2 that is generated not only in the chloroplast, but also in other compartments. In this context, it is noteworthy that a recent study has demonstrated light-independent 1 O 2 generation in multiple organelles other than the chloroplast under various biotic and abiotic stresses in plants (Mor et al., 2014) .
Two proteins with SOUL heme-binding domains were among SAK1-dependent up-regulated genes (SOUL2 and Cre06.g299700.t1.1, formerly annotated as SOUL1 in v4). Aside from their ability to bind various porphyrins (Blackmon et al., 2002; Sato et al., 2004) , SOUL heme-binding proteins have been described in diverse biological functions in mice, such as in apoptosis by interacting with a mitochondrial anti-apoptotic factor Bcl-xL (Ambrosi et al., 2011) or an isoform-specific role in retina and pineal gland (Zylka and Reppert, 1999) . The latter form is suggested to play a role in transporting heme or by binding free heme to prevent oxidative stress (Sato et al., 2004) . In Arabidopsis a chloroplast-localized SOUL5 protein has been shown to interact with a heme oxygenase, HY1, and mutation of the gene encoding SOUL5 causes oxidative stress (Lee et al., 2012) . Chlamydomonas contains five putative SOUL heme-binding proteins, only one of which contains an amino-terminal chloroplast transit peptide. The two SOUL protein genes induced by 1 O 2 in our study do not seem to be targeted to the chloroplast, and they may function in the cytosol where SAK1 resides. It would be interesting to test whether these proteins bind porphyrins and are required for A recent study reported the role of bilins in retrograde signaling in Chlamydomonas through characterization of heme oxygenase mutants disrupted in bilin biosynthesis and transcriptome analyses during dark to light transitions (Duanmu et al., 2013) . The transcriptome changes indicated that much of the cell's response during a dark-to-light transition (DL) involves photooxidative stress. Interestingly, among the 515 genes up-regulated in WT during 1 O 2 acclimation, 144 genes overlapped with those that are induced during DL ( Table 9 ). Focusing on the 104 genes that we defined as SAK1-dependent (Table 5) , 31 genes overlapped ( Table 9) . CFA1, CFA2, and SOUL2 were among these genes, suggesting that a part of the gene expression response to DL in Chlamydomonas is a response to 1 O 2 . SAK1 itself was also up-regulated during DL as was SOR1, which encodes a more broadly oxidative stress-responsive bZIP transcription factor (Fischer et al., 2012) . We found that 64 of the genes induced during acclimation to 1 O 2 were also up-regulated in the gain-of-function sor1 mutant (Fischer et al., 2012) . However, the most strongly induced SAK1-dependent genes were not among these genes, except for GPX5, consistent with the idea that SAK1 and SOR1 function in different pathways. Cloning of the SAK1 gene revealed that it encodes a large previously uncharacterized phosphoprotein located primarily in the cytosol ( Figure 6A,D) , suggesting that it functions as an intermediate in the retrograde signaling pathway from the chloroplast to the nucleus that leads to 1 O 2 acclimation. Previous genetic screens in Arabidopsis have identified proteins in the chloroplast, such as EX1 and EX2 (Wagner et al., 2004; Lee et al., 2007) , and in the nucleus, such as PLEIOTROPIC RESPONSE LOCUS 1 (Baruah et al., 2009b) and topoisomerase VI (Simková et al., 2012) , that are involved in 1 O 2 signaling. By screening for mutants that are unable to induce a 1 O 2 -responsive reporter gene (HPS70A) in Chlamydomonas, a small zinc finger protein (Cre09.g416500.t1.2) called MBS was recently identified as having a role in ROS signaling in both Chlamydomonas and Arabidopsis (Shao et al., 2013) . Like SAK1, MBS in Chlamydomonas is located in the cytosol, raising a question about the relationship of these two proteins in 1 O 2 signaling. As expected, we found HSP70A among the genes induced by RB (Shao et al., 2013) , and we will investigate the genetic and biochemical relationship of SAK1 and MBS in future research.
SAK1 contains a novel domain of ∼150 amino acid residues that is found in several chlorophyte species ( Table 8) . The sequence of this domain is not highly conserved ( Figure 5-figure supplement 1) , and is even less conserved among land plant proteins, although it is detectable by PSI-BLAST, indicating that it has diverged in sequence in plants and algae. We identified 37 proteins that have the SAK1 domain, 13 of which also contained a bZIP transcription factor domain, consistent with a function in regulating gene expression. Under our standard laboratory growth conditions, SAK1 appears to have a relatively low level of phosphorylation, but it becomes hyperphosphorylated during 1 O 2 acclimation ( Figure 6D ). Phosphorylation prediction software NetPhos 2.0 (http://www.cbs.dtu.dk/ services/NetPhos/) predicted 24 serine, 9 threonine, and one tyrosine residue as possible sites throughout the protein ( Figure 5-figure supplement 3) . One of these serine residues is within the conserved SAK1 domain and is relatively conserved for polar amino acids. At this position, 18 SAK1 family members had threonine, and three had serine residues including SAK1 ( Figure 5-figure supplement 1) . We speculate that phosphorylation of SAK1 in the cytosol is a necessary intermediate step in
1 O 2 acclimation. Through further analysis of the transcriptome data, isolation of proteins that physically interact with SAK1, and characterization of additional, non-allelic sak mutants, we hope to identify the kinase that is responsible for the direct modification of SAK1 as well as other upstream and downstream components of this retrograde signaling pathway in Chlamydomonas.
Material and methods
Chlamydomonas strains and culture conditions
The sak1 mutant was generated by insertional mutagenesis as described previously (Dent et al., 2005) from WT strain 4A+. Cells were grown at 22°C photoheterotrophically in Tris-acetate phosphate media (TAP) unless otherwise stated (Harris, 2009 ).
RB sensitivity screen and acclimation assays
For systematic screening of large number of strains for increased or decreased resistance to RB, individual strains were inoculated into 180-200 μl TAP medium in 96-well plates, grown for a at least 3 days to saturation under light intensity of 60-80 μmol photons m −2 s −1
, spotted onto TAP plates with 2.7, 3.0, or 3.3 μM RB, and scored for their growth compared to WT and sak1. For more quantitative evaluation of RB sensitivity, the cells were grown to saturation in 1 ml of TAP medium because we have observed rapidly growing cells to have more variable sensitivity to RB (data not shown). The cells were counted and adjusted to equal cell density then dispensed into aliquots in duplicate 96-well plates. One of the duplicates was pretreated in dark while the other was placed in light for 40 min with 1 μM RB. For challenge treatments, 4.5, 5.1, 5.7, 6.3, 6 .9, and 7.5 μM RB was added to both plates, which were placed under light for 1 hr and then spotted onto TAP agar media with no RB. All treatments were applied under light intensity of 60-80 µmol photons m −2 s −1
, which is the light intensity described as low light unless stated otherwise. , and treated with RB at a final concentration of 0.5 μM for 30 min (pretreatment) in light (+) or dark (−). After the pretreatment all the cultures were exposed to an additional 3.75 μM RB (challenge) in low light and collected for measurement of F v /F m at 30, 60, and 90 min. The cells were dark-acclimated for at least 30 min before applying a saturating light pulse of 2000 μmol photons m −2 s −1 and measuring the chlorophyll fluorescence yield using an FMS2 fluorometer (Hansatech Instruments, Norfolk, UK).
Culture conditions for gene expression analyses by qRT-PCR and RNA-seq Cultures were grown for at least two light-dark cycles (12 hr light-12 hr dark), and then cell density was adjusted to 2-2.5 × 10 6 cells ml −1 and split into two flasks (one control and the other for RB treatment) at least an hour prior to adding RB to a final concentration of 1 μM. An equal volume of H 2 O was added to the control. RB was added ∼6 hr after the start of the light cycle under light intensity of ∼100 µmol photons m −2 s −1 and the treatment lasted for an hour before harvest. The cells were cooled and harvested by centrifugation at 1200×g for 3 min at 4°C, frozen with liquid nitrogen and stored at −80°C until extraction of RNA. For low light to high light transfer experiment, cultures were grown in continuous light in minimal (HS) medium for 3 days to cell density of 3 × 10 6 cells ml −1 at 45 µmol photons m −2 s −1
. The light intensity was increased to 500 µmol photons m −2 s −1 for 1 hr before harvest.
Gene expression analysis by qRT-PCR
RNA was extracted with TRIzol (Life Technologies, Carlsbad, CA) following manufacturer's instructions and treated with DNaseI (Promega, Madison, WI), then cleaned up using Qiagen RNeasy columns (Qiagen, Germantown, MD). cDNA was synthesized using Omniscript (Qiagen, Germantown, MD) starting with 2-3 μg DNA-free RNA per 20 μl reaction. qPCR was performed using a 7300 FAST qPCR machine (Life Technologies, Carlsbad, CA). The primers were designed with a T m of 60°C using Primer3 or PrimerExpress (Life Technologies, Carlsbad, CA) ( Table 10 ). All primer pairs described in this study were confirmed as having 90-105% amplification efficiency and linear amplification within their dynamic range in experimental samples using serial dilutions of cDNA prior to the experiments. Relative transcript levels were calculated by ΔΔCt method (Livak and Schmittgen, 2001 ) using CβLP as internal reference.
RNA-seq library preparation and analysis
RNA was extracted (Schmollinger et al., 2014 ) and the quality was determined using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). The triplicate RNA was pooled and 10 μg total RNA was used to prepare RNA-seq library according to the manufacturer's protocol (Illumina, San Diego, CA). The quality of the library was assessed using a 2100 Bioanalyzer before sequencing with Genome Analyzer (Illumina, San Diego, CA). Each sample was run in replicates on two lanes. RNA-Seq data was analyzed as before (Duanmu et al., 2013) . On average, 75% of the sequences could be assigned unambiguously to Augustus v10.2 gene models to generate the matrix of counts per gene. This matrix was used for differential expression analysis using DESeq (Anders and Huber, 2010 ) using per-condition dispersion estimates and variance stabilization to compute moderate fold changes. Genes were classified as differentially expressed based on a (moderate) twofold regulation and a false discovery rate (FDR) <1%.
Amplification of cDNA and genomic region of SAK1 and transformation of sak1
Near full-length cDNA was isolated by RT-PCR (described in above section; Gene expression analysis by qRT-PCR) and rapid amplification of cDNA ends (RACE) using GeneRACER (Life Technologies, Carlsbad, CA) as previously described (Molnar et al., 2009) . Despite multiple attempts the 5′ end of the transcript could not be amplified by 5′-RACE. Because the experimentally obtained CDS differed from the most current v5, it has been deposited to genbank (accession KF985242). Though some differences exist at the nucleotide level, the protein sequence of the resulting CDS was identical to that of au5.g7871_t1. Genomic DNA containing SAK1 was amplified using primers 5′-CAGGACCGGGCACTGAGTGAAGGTTA-3′ (+) and 5′-ATGATGCACTGTGGGACACGCTGAGT-3′ (−) using PrimeStar HS with GC buffer (Takara/Clontech, Palo Alto, CA) and cloned into pGEMTeasy after adding an adenine. The resulting plasmid was co-transformed with pBC1 and selected with 1 μM paromomycin. Transformation of sak1 was performed as described previously (Kindle et al., 1989) .
SAK1 antibody generation and protein detection by immunoblotting
To raise antibodies against SAK1, an epitope at the N-terminus of the translated coding sequence of SAK1 (DTLLTPLREDATAESGGDA) was designed, synthesized and injected into rabbits, and the *Genes defined as SAK1-dependent in Table 4 . DOI: 10.7554/eLife.02286.021 Table 9 . Continued resulting crude serum was affinity purified (Open Biosystems/Thermo Scientific, Waltham, MA). For immunoblot detection of SAK1, proteins were separated with NuPAGE 3-8% Tris Acetate gels (Life Technologies, Carlsbad, CA) and transferred to nitrocellulose membranes. All other blots were prepared from running the protein on 10-20% Tris-glycine gels and transferring to a PVDF membrane. The membranes were blocked for several hours in 5% milk in TBS-T, incubated with the primary antibody overnight, then with secondary antibody for several hours in 1% milk TBS-T before washing and developing with a chemiluminescence detection kit. Commercial antibodies were anti-histone H3 (ab1791; Abcam, Cambridge, UK) and anti-KDEL (ab12223; Abcam, Cambridge, UK). Other antibodies were generous gifts from Jean-David Rochaix (anti-PSAD), Olaf Kruse (anti-NAB1), and Patrice Hamel (anti-cytochrome c).
Subcellular fractionation and protein quantification
Nuclear fractions were prepared from 450 ml of synchronized cultures with ∼2 × 10 6 cells ml −1 that had been incubated with or without 2 μM RB under light for 40 min. The cells were collected and treated with autolysin for 40 min and examined for the removal of cell walls by addition of 1 volume of 0.1% Triton-X. Nuclear extract was prepared as described previously (Winck et al., 2011) using CelLytic PN kit (Sigma-Aldrich, St. Louis, MO). Because there were bands detected in the nuclear extract close to the size of SAK1, nuclear extract was prepared from WT (4A+) and sak1 rather than a cell wall-deficient strain (cw15). Chloroplasts were isolated from cell wall-less strain cw15 as described previously (Klein et al., 1983) . Mitochondria were isolated as described (Eriksson et al., 1995) . After unbroken cells, chloroplasts, and mitochondria were collected, the ER fraction was collected by centrifugation at 100,000×g for 90 min at 4°C. The remaining supernatant was enriched for cytosol. Protein was extracted and prepared for SDS-PAGE as described (Calderon et al., 2013) with minor modifications. Protein was quantified by using BCA1 kit (Sigma-Aldrich, St. Louis, MO) after extraction with the methanol-chloroform method (Wessel and Flügge, 1984) . 
